Dispersal is a critical process in ecology. It is an important biological driver of, for example, invasions, metapopulation dynamics, spatial pattern formation and pathogen movement. Much is known about the effect of environmental variability, including turbulence, on dispersal of diaspores. Here, we document experimentally the strong but under-explored influence of turbulence on the initiation of dispersal. Flower heads of two thistle species (Carduus nutans and Carduus acanthoides) with ripe seeds were exposed to series of laminar and turbulent air flows of increasing velocity in a wind tunnel. Seed release increased with wind speeds for both laminar and turbulent flows for both species. However, far more seeds were released, at significantly lower wind speeds, during turbulent flows. These results strongly suggest a need for more quantitative studies of abscission in the field, as well as dispersal models that incorporate variability in the diaspore release phase.
INTRODUCTION
Dispersal is an important biological process, fundamental to the distribution of species in the environment. Our understanding of dispersal processes, and our ability-or inability-to predict dispersal, constrains our capacity to adequately understand and predict spatio-temporal patterns (Nathan & Muller-Landau 2000; Levin et al. 2003) . This is true for fundamental theoretical issues in population and community ecology, biodiversity and biogeography (e.g. Hanski 2001; Hubbell 2001; MacArthur & Wilson 1967) , as well as for a number of ecological applications, such as forecasting and management in conservation, harvesting, pest control and epidemiology (Shea et al. 1998; Geertsema et al. 2002; Clark 2003) . Thus, accurate quantitative descriptions of dispersal are crucial.
The quantification of dispersal is a rapidly developing area of research (Levin et al. 2003; Nathan et al. 2003) . For plants, great progress has been made in measurement and modelling of wind dispersal (Greene & Calogeropoulos 2002; Nathan et al. 2002; Levin et al. 2003) . Mechanistic models of wind dispersal have been developed to account for the effects of diaspore morphology, release heights, horizontal wind speeds and convection on diaspore movement and dispersal distances (e.g. Burrows 1973; Greene & Johnson 1989; Okubo & Levin 1989; Andersen 1991) . More recent models also include seasonal wind speed variance ) and high-frequency fluctuations, i.e. turbulence, during seed flight (Nathan et al. 2002; Tackenberg 2003; Soons et al. 2004) . Including variability in wind patterns during seed flight often improves model predictions of dispersal distances (Skarpaas et al. 2004; Soons et al. 2004) .
A component that is still poorly represented in dispersal models, or more often not represented at all, is the initiation of movement: diaspore release or abscission. Predictions of dispersal distances are often made assuming that seeds are released at random with respect to wind speeds. Several authors have noted that this is not the case for natural seed abscission (see e.g. Greene & Johnson 1992; Schippers & Jongejans 2005) . Consequently, it has been suggested that mechanistic models should be modified to account for this, for example, by introducing a release threshold: a minimum wind speed required to abscise the seed (or fruit) from the mother plant (Burrows 1986 ). Such release thresholds may have a large effect on dispersal distances (Schippers & Jongejans 2005) .
Previous studies of wind dispersed species have shown that seed release changes with seed ripening and environmental conditions such as air humidity (Whalley et al. 1990; Greene & Johnson 1992; Ferraniz 2002) . Greene & Johnson (1992) showed that 'wiggling' the fruit increased release, which suggests that not only phenology, but variability in wind patterns may affect release thresholds. In this paper we present a wind tunnel experiment to explore, in a quantitative way, the effects of turbulence on seed release. This study shows that wind variability critically alters abscission compared to laminar flow results.
MATERIAL AND METHODS
The abscission experiment was carried out using flower heads of two species of wind dispersed thistles (Carduus nutans L. and Carduus acanthoides L.). These Eurasian-origin thistles are now widespread invasive species in pastures and grasslands in the USA (Skinner et al. 2000; Allen & Shea in press ). Both species disperse exclusively by seed. The flower heads of C. nutans are larger (3-5 cm in diameter) and produce more seeds (often several hundred per head; Desrochers et al. 1988) than C. acanthoides (flower heads 2-3 cm in diameter; 100-200 seeds per head ; Feldman & Lewis 1990) . The achenes (3-4 mm long; hereafter referred to as 'seeds') and the attached plumeless pappi (i.e. pappi consisting of single hairs in contrast to the feather-like structures of Cirsium sp.) are similar in the two species, but slightly larger in C. nutans (Skarpaas et al., unpublished data) . The seeds of both species are readily dispersed by wind, although a large number of seeds often remain in the heads when the plants die in autumn (Skarpaas, personal observation) .
Intact flower heads for the abscission experiment were collected from naturalized thistle populations in central Pennsylvania, USA, at the time of seed ripening (June for C. nutans and July for C. acanthoides). The heads were individually stored in paper bags at room temperature to maintain the heads in their original condition. The experiment was carried out in late July 2004 in a wind tunnel at the Department of Aerospace Engineering, The Pennsylvania State University. In the wind tunnel, the heads were exposed to laminar and turbulent air flows over a range of wind speeds (0.0-12.0 m s K1 ), covering the range of wind speeds observed in the natural environments of the thistles in Pennsylvania (Skarpaas & Shea, unpublished long-term measurements with 10 s and 20 min resolution).
The experimental design was a cross-over design in which each head was exposed to both laminar and turbulent treatments. Forty heads were split into two groups of twenty (10 randomly selected heads of each species) receiving the turbulent and laminar treatments in opposite orders (turbulent before laminar or vice versa). The exposure of each head to both treatments is important, because it allows us to test for the effect of turbulence while controlling for the effect of the condition of the head, such as ripening, storage history, previous seed release, etc. Some of the heads lost a few seeds in the bags during storage prior to the experiment, particularly the C. nutans heads which were stored for longer. However, the crossover design explicitly accounts for this and other preexperiment differences among the heads.
In each trial, a head was attached with tight rubber bands to a surrogate stem (a stiff metal rod) with the head centred at 63 cm above the floor in the middle of the upwind end of the tunnel, and subjected to either laminar or turbulent flow. The laminar flow treatment consisted of simple laminar air flow in the tunnel with no obstacles. Turbulence was created by inserting a frame with nine horizontal 1.5 cm thick threaded rods. The rods were placed 1.5 cm apart across the wind tunnel at the height of the flower head, 30 cm upwind. The turbulence generated by this frame was estimated on the basis of hotwire measurements of wind speeds in a vertical profile across the height of the rods. The turbulence intensity T is defined as
where U is the mean wind speed and u 0 is the eddy velocity, i.e. the instantaneous deviation from the mean wind speed (Glickman 2000) . In both laminar and turbulent treatments the air flow was started at zero and turned up to five consecutive levels (dial settings corresponding to approximately 2.0, 3.0, 6.0, 9.0 and 12.0 m s K1 for laminar flow). Each level was held for 30 s. As individual seed releases from the head were difficult to observe directly, especially at high wind speeds, we also observed the seeds as they hit a black mesh screen approximately 4 m downwind from the release point. For each trial we recorded the wind speed at first seed release and the total number of seeds released.
The data were analysed using cross-over analysis in R (Milliken & Johnson 1992; R Development Core Team 2005) . This method is designed for cross-over experiments and allows estimation of the effect of turbulence, while appropriately accounting for the dependence between repeated measurements (two wind treatments: turbulent and laminar) on the same heads. To control for differences between the species we included species as a factor. Finally, to test for potential differences in the effect of turbulence arising from the previous exposure history of the heads in the experiment, we included the interaction between wind treatment and the order of treatments in the statistical analysis.
RESULTS
Turbulence intensity was consistent across wind speeds (TZ0.15G0.02) and had a large effect on seed release. Flower heads generally released more seeds at lower wind speeds, during turbulent flow than during laminar flow, regardless of the order of treatments (figure 1). Median release speeds for first release during turbulent flow were 4.1 m s K1 for C. nutans and 6.1 m s K1 for C. acanthoides regardless of treatment order: consistently lower than for laminar flow (R9.0 m s K1 for C. nutans and O12.0 m s
K1
for C. acanthoides). Note that the means are not directly comparable because in all treatment combinations there were heads that did not release seeds, and hence we only know that their release wind speeds are O12.0 m s K1 . When turbulence was applied first, few heads released seeds during the subsequent laminar flow, leading to dramatic differences between the two treatments (figures 1a and 2a). The difference was still clear, albeit smaller, when laminar flow was applied first (figures 1b and 2b) .
For the total number of seeds released, the cross-over analysis revealed a strong and highly significant effect of turbulence (table 1, figure 2 ). There were also significant differences between the species. As expected on the basis of its higher seed production, C. nutans released more seeds than C. acanthoides (table 1, figure 2). The estimated negative effect of the order of wind treatments (table 1) shows that fewer seeds were released during a given treatment (turbulent or laminar) when this was applied last, compared to when it was applied first (figure 2). This effect was only marginally significant, however, and there was no difference for laminar and turbulent flow in this respect (the interaction between wind treatment and order was not significant, table 1).
DISCUSSION
The main message from this study is that turbulence increases seed release, both in terms of the proportion of heads releasing seeds at any particular wind speed, and in terms of the total number of seeds released per head. This held true in our experiments regardless of species, head condition, or the order of laminar and turbulent flow treatments.
Turbulence may have contributed to higher seed release in several ways. First, turbulent flows increase the probability of extremes of high (and low) wind velocities. The distribution of the turbulent fluctuations may also be right skewed with an increased probability of encountering the high extremes (this is often the case in natural canopies; Katul et al. 1997; Poggi et al. 2004a) . The potential for waving motion of plants is also generally higher in turbulent flows with a wider energy spectrum (e.g. Poggi et al. 2004b ) overlapping the natural frequency of the plants. However, in our experiments the potential for waving motion was restricted because the flower heads were attached to a stiff pole. In the absence of waving motion, less kinetic energy is extracted from the air by the drag (the drag coefficient is smaller for turbulent flow than for laminar flow; Poggi et al. 2004b) , leaving more kinetic energy for loosening seeds. Regardless of the details of the physical mechanism, our experiments demonstrate that turbulence increases seed abscission. To consider realistic seed abscission is important. Unless the biological process is well understood, we will be unable to predict how plant dispersal patterns may respond to environmental variability, much less how such a response may evolve under various selection pressures, e.g. for long-distance dispersal. Long-distance dispersal is a critical biological process, but notoriously difficult to measure, leading to the conclusion that our best tools for estimating long-distance dispersal are mathematical models . Considerable progress in predicting wind dispersal patterns has been made using mechanistic models (Greene & Calogeropoulos 2002; Nathan et al. 2002; Levin et al. 2003; Nathan et al. 2003) , and including wind variability during seed flight in such models has improved model predictions (Skarpaas et al. 2004; Soons et al. 2004) . This study suggests that including realistic seed abscission may lead to further improvement.
A major implication of our results is that ignoring variability in environmental conditions during the seed release phase may result in erroneous predictions of dispersal patterns. Estimates of release thresholds based on mean-field conditions, i.e. laminar flows in wind tunnels, are likely to be too high. Turbulent flow is the rule rather than the exception in natural plant canopies (Raupach & Thom 1981; Finnigan 2000) , and since turbulence increases seed release at lower wind speeds, this may lead to shorter dispersal distances than expected under mean-field conditions. For instance, consider the simple ballistic model of dispersal, which is the basis for several more complex mechanistic models of wind dispersal (Greene & Johnson 1989; Nathan et al. 2001) : the ballistic equation is rZHUF
K1
, where r is dispersal distance, H is release height, U is horizontal wind speed and F is seed falling velocity. According to this model, a 60% reduction in the wind speed release threshold, as in our experiment, would lead to a 60% reduction in dispersal distance. Furthermore, plants in dense populations may experience more turbulence (Raupach & Thom 1981; Poggi et al. 2004b) , and hence release seeds more easily and achieve shorter dispersal distances than isolated plants, which are often used as model systems for dispersal measurement (Greene & Calogeropoulos 2002; Skarpaas et al. 2005) . Thus, turbulence may potentially counteract the positive effect of release thresholds suggested by Schippers & Jongejans (2005) .
On the other hand, detailed modelling studies of seed flight have shown that turbulence may also increase dispersal distances because structured turbulent eddy motions tend to lift seeds to higher elevations with higher horizontal wind speeds (Horn et al. 2001; Nathan et al. 2002; Soons et al. 2004) There is also an interaction between turbulence and wind speed during seed flight as there is a tendency to higher uplifting by autocorrelated eddies in stronger winds and sparser canopies (Nathan et al. 2002; Soons et al. 2004; Nathan & Katul 2005) , and by thermal updrafts that tend to develop only in relatively weak winds (Tackenberg 2003) . However, the effect of turbulence on the seed abscission phase was not included in any of these studies.
To assess the net effect of turbulence on dispersal distances, dispersal models must account for the effect of wind speeds and turbulence on seed abscission as well as seed movement. This also requires quantification of natural levels of turbulence and seed abscission in the field. Although the turbulence intensities in our study are not too far from natural conditions (Raupach & Thom 1981) , using the consistent median release wind speeds as fixed release thresholds is still a simplification. The levels of turbulence created in the wind tunnel are not representative of all natural environments in which the species occur: turbulence intensity in and above plant canopies vary considerably with canopy density and plant waving (Raupach & Thom 1981; Katul & Albertson 1998; Poggi et al. 2004b) . Moreover, release thresholds are likely to vary with seed maturation and environmental conditions such as humidity (see e.g. Greene & Johnson 1992; Schippers & Jongejans 2005) . Field experiments with careful monitoring of phenology and environmental variability are needed to obtain reliable estimates of abscission in natural habitats. Furthermore, additional research is needed on how the relationship between turbulence and abscission varies with, for instance, seed size and shape, aerodynamic properties, and taxonomy.
In conclusion, the present study strongly supports the contention that mean-field conditions and assumptions may not lead to accurate predictions of abscission. Specifically, our experiment highlights the importance of wind variability for seed release, and demonstrates that not only mean wind speeds but wind variability is important to seed release: turbulence lowers release wind speeds and increases seed release. This suggests Table 1 . Cross-over analysis of total seed abscission in turbulent and laminar air flows for Carduus nutans and C. acanthoides. ('Stratum' indicates the error stratum of the cross-over model (Milliken & Johnson 1992 that future empirical studies should avoid assessing release thresholds in laminar air flows; estimates based on natural levels of wind variability are needed. Our results further suggest that more theoretical and empirical work is needed to understand the importance of environmental variability for wind dispersal. In particular, there is a need for measurements of seed abscission in the field, and for incorporation of the effects of environmental variability in the seed release phase in models of dispersal.
